Hypoxic pulmonary hypertension is an important pathophysiological process in the development of various cardiopulmonary diseases. Hypoxic pulmonary vascular structural remodeling (HPVSR) is considered to be the key pathological basis of hypoxic pulmonary hypertension. Excess accumulation of the extracellular matrix (ECM) in the wall of small pulmonary muscularized arteries, as well as increased proliferation of pulmonary arterial smooth muscle cells (PASMCs), is the main pathological process of HPVSR, the pathogenesis of which is not completely understood.
In the 1980s, nitric oxide (NO) and carbon monoxide (CO) were determined to be gaseous messenger molecules sharing common features such as low molecular weight, continuous release, and quick dispersal and absorbance. [1] [2] [3] [4] It was recently suggested that hydrogen sulfide (H 2 S) is a novel gasotransmitter. 5, 6 Although the gasotransmitters were found to be capable of relaxing vessels and interfering with vascular structural remodeling, 7-9 the possible mechanisms responsible for regulation of PASMC proliferation in pulmonary structural remodeling induced by hypoxia are unclear.
Although sulfur dioxide (SO 2 ) is a toxic gas, it can be produced endogenously in vivo from sulfur-containing amino acids. L-cysteine is first oxidized to L-cysteinesulfinate by cysteine dioxygenase. L-cysteinesulfinate can develop through transamination by glutamate-oxaloacetate transaminase (GOT) into b-sulfinylpyruvate, which decomposes spontaneously to pyruvate and SO 2 . The latter is further metabolized to form sulfite in vivo, oxidized by sulfite oxidase to sulfate, and excreted in urine. 10, 11 L-cysteinesulfinate may be decarboxylated by cysteinesulfinate decarboxylase to CO 2 and hypotaurine. Most of the hypotaurine is subsequently oxidized to taurine ( Figure 1 ). Our research group first discovered that SO 2 could be produced endogenously by pulmonary vessels, could regulate vascular activities, and was involved in the inflammatory response; these features suggest that endogenous SO 2 may be associated with the development of cardiovascular diseases. [12] [13] [14] Is endogenous SO 2 involved in HPVSR pathogenesis? If so, what are the possible mechanisms by which SO 2 has a role in the development of hypoxic pulmonary hypertension? The present study was designed to analyze changes in the production of endogenous SO 2 during HPVSR development, and its possible role in the pathogenesis of HPVSR.
MATERIALS AND METHODS Preparation of the Animal Model
The study protocol was approved by the animal research committee of Peking University (Beijing, China). Forty-eight male Wistar rats (150-160 g) in the hypoxic group (n ¼ 8), hypoxic þ SO 2 group (n ¼ 8), and hypoxic þ HDX (hydroxamate) group (n ¼ 8) were exposed to hypoxic conditions for 21 days (6 h/day), as described by Zhang. 15 Rats in the control group (n ¼ 8), control þ SO 2 group (n ¼ 8), and control þ HDX group (n ¼ 8) were housed in identical cages adjacent to the hypoxic chamber in which rats breathed room air. Hypoxia was generated by infusing nitrogen gas into the chamber. The degree of hypoxia was maintained by balancing nitrogen infusion and air that leaked inwardly through holes in the chamber. The partial pressure of oxygen (PO 2 ) in rats of the normoxic group was 80.68±4.2 mm Hg and the partial pressure of carbon dioxide (PCO 2 ) was 38.76 ± 7.9 mm Hg. In the hypoxic group, PO 2 was 41.96 ± 3.4 mm Hg and PCO 2 was 26.36 ± 3.0 mm Hg. For rats in the control þ SO 2 group and hypoxic þ SO 2 group, Na 2 SO 3 /NaHSO 3 was dissolved in physiological (0.9%) saline at 0.54 mmol/kg; 0.18 mmol/kg body weight was injected 16 (i.p.) before hypoxia every day. HDX, an inhibitor of the enzyme responsible for endogenous generation of SO 2 , was injected (i.p.) at a dose of 3.7 mg/kg into the rats in the hypoxic þ HDX group every day before hypoxia. The same dosage of HDX was injected (i.p.) into rats of the control þ HDX group. An identical volume of physiological saline was injected into rats of the control group and hypoxic group.
Measurement of Pulmonary Arterial Pressure (PAP)
At 3 weeks after hypoxic exposure, rats were anesthetized with urethane (1 g/kg body weight, i.p.). A silicone catheter (outer diameter, 0.9 mm) was introduced into the right jugular vein through venotomy. It was passed across the tricuspid valve and right ventricle into the pulmonary artery. The other end of the catheter was linked to a Multi-Lead Physiological Monitor (BL-420F, Chengdu TME Technology, Chengdu, China) through a P50 pressure transducer. The curves of PAP were traced, and PAP measured.
Preparation and Morphometric Analysis of Lung Tissue
After PAP was measured, the thoracic cavity was opened. One side of the lung lobe was removed, fixed in 10% (wt/vol) formalin, and processed into 5-mm paraffin sections for evaluation using in situ hybridization and immunohistochemistry. Small, medium, and large arteries were defined as 15-50, 50-150, and 4150 mm in external diameter, respectively. The external diameter of pulmonary arteries was as follows. For small pulmonary arteries, it was 38 ± 4, 43 ± 4, 39 ± 1, 44 ± 3, 41 ± 4, and 43 ± 2 mm in control, control þ SO 2 , control þ HDX, hypoxic group, hypoxic þ SO 2 , and hypoxic þ HDX groups, respectively (P40.05). For medium-sized pulmonary arteries, it was 78±8, 87±11, 80±7, 85±12, 80±14, and 97±14 mm in control, control þ SO 2 , control þ HDX, hypoxic group, hypoxic þ SO 2 , and hypoxic þ HDX groups, respectively (P40.05). For large pulmonary arteries, it was 168 ± 12, 180 ± 14, 180 ± 27, 170 ± 10, 169 ± 14, and 174 ± 14 mm in control, control þ SO 2 , control þ HDX, hypoxic group, hypoxic þ SO 2 , and hypoxic þ HDX groups, respectively (P40.05). All small pulmonary arteries per tissue section were assessed at Â 400 magnification. Each vessel was divided into three types according to the degree of muscularization: muscularized arteries (MA, with two distinct elastic lamina, external and internal), partially muscularized arteries (PMA, with a continuous external elastic lamina and a discontinuous internal elastic lamina), and non-muscularized arteries (NMA, with only one single elastic lamina). The percentage of each type was determined.
Preparation for Ultra-Structural Analysis of Lung Tissues
The remaining blood in the right lung was rinsed with saline through the pulmonary artery. Meanwhile, 4% polyoxymethylene was slowly infused through the trachea into the lung under 20 cm H 2 O pressure until the lung surface became smooth and expanded. Approximately 5 min later, the right lower lung was re-sected and rapidly fixed in polyoxymethylene solution. Samples were paraffin embedded in the standard manner, sliced into 5-mm serial sections, and stained using hematoxylin and eosin (H&E). We preliminarily observed the remodeling of lung tissues and the pulmonary vasculature under light microscopy.
The right middle lung was isolated and rapidly fixed in 3% glutaraldehyde solution. It was then post-fixed with 1% perosmic acid, dehydrated with an acetone gradient, and embedded with Epon 812. The ultra-thin sections were double stained with uranyl acetate and lead citrate, and observed using a transmission electron microscope (TEM; JEM 1230, JEOL Ltd, Tokyo, Japan).
Determination of the Content of SO 2 in Plasma and Lung Tissue SO 2 concentrations were measured using high-performance liquid chromatography (HPLC, Agilent 1100 series, Agilent Technologies, Palo Alto, CA, USA). In brief, samples of plasma and tissue homogenate (100 ml) were mixed with 70 ml of 0.212 mM sodium borohyderide in 0.05 M Tris-HCl (pH 8.5) and incubated at room temperature for 30 min. Samples were then mixed with 10 ml of 70 mM monobromobimane in acetonitrile. After incubation for 10 min at 421C, 50 ml of 1.5 M perchloric acid were added to the mixture, followed by vortex mixing. Protein precipitates were removed by centrifugation at 12 400 g for 10 min at room temperature. The supernatant was immediately neutralized by adding 20 ml of 2.0 M Tris, and then gently mixed and centrifuged again at 12 400 g for 10 min. The neutralized supernatant (about 100 ml) was transferred to a sampler vial, stored at 41C in foilwrapped tubes, and 5 ml of the supernatant was injected onto the HPLC column (Agilent 1100 series, Agilent Technologies, Palo Alto, CA, USA). Samples were resolved on a 4.6 mm Â 150 mm C18 column.
The column was equilibrated with methanol, acetic acid, and water in the ratio 5.00:0.25:94.75 (by volume, pH 3.4). It was developed with a gradient of methanol at a flow rate of 1 ml/min as follows: 0-8 min, 5%; 8-15 min, 5-12%; 15-20 min, 12%; 20-30 min, 12-20%; 30-32 min, 20%; 32-35 min, 20-100%; 35-40 min, 100%; 40-43 min, 100-5%; and 43-45 min, 5%. Sulfite-bimane adduct was prepared as a calibrator, and was detected by excitation at 392 nm and emission at 479 nm. 17 Determination of GOT Activity in Lung Tissue GOT activity in lung tissues was determined using Synchron DXC 800 (Beckman Coulter Inc, Fullerton, CA, USA). The lung tissues of rats were homogenated with 0.01 mol/l phosphate-buffered saline (PBS; weight:volume, 1:10). Protein precipitates were removed by centrifugation at 2500 g for 10 min at room temperature. The supernatant was used to detect GOT content by the Reitman method and tissue protein was measured by the Coomassie method.
Measurement of the Expression of GOT1 and GOT2, PreCollagen I and III, and Aortic Endothelin-1 (ET-1) mRNAs in Lung Tissue Using Quantitative Real-Time Polymerase Chain Reaction (PCR) Total RNA in tissue was extracted using Trizol reagent (Gibco BRL), and reverse transcribed using oligo d (T) 18 primer and M-MLV reverse transcriptase. Primers and TaqMan probes for the quantification of cDNAs in samples were designed with the software Primer Express 3.0 (Applied Biosystems, Foster City, CA, USA). The primers and probes were synthesized by SBS Company, Limited (Beijing, China). Quantitative real-time PCR was carried out using an ABI PRISM 7300 instrument (Applied Biosystems). The sequence of the primers and probes is shown in Table 1 .
The PCR condition was pre-denatured at 951C for 5 min, 951C for 15 s, and 601C for 1 min for 40 cycles. The amount of b-actin cDNA in the sample was used to calibrate the amount of sample needed for determination.
Measurement of the Expression of Proliferating Cell
Nuclear Antigen (PCNA), Nuclear Factor Kappa B (NF-jB) and Intercellular Adhesion Molecule 1 (ICAM-1) in Lung Tissue Using Immunohistochemical Analysis After being dewaxed by dimethylbenzene, sections of lung tissue were put into distilled water. They were then processed by 3% H 2 O 2 for 12 min. The slides were washed three times with PBS (each for 5 min). Antigens were exposed for 15 min, and the slides were rinsed again. Samples were blocked for 30 min with goat serum working fluid. Polyclonal antibody was added to PCNA, NF-kB, and ICAM-1 (1:100, 1:50, and 1:50, respectively), and the mixture incubated at 41C overnight. Slides were thrice rinsed with PBS (5 min each). Biotinylated anti-mouse IgG was incubated for 60 min at 371C. After the slides were rinsed in PBS thrice, horseradish peroxidase (HRP) streptavidin was added for 30 min at 371C. Slides were thrice rinsed in PBS (5 min each). Then 3,3 0 -diaminobenzidine (DAB) was added to develop color, and the sections were stained with hematoxylin. After the sections were dehydrated through a graded ethanol series and made transparent in dimethylbenzene, they were mounted. The brown granules in pulmonary smooth muscle cells (PSMCs) and endothelial cells under light microscopy were defined as positive signals. For negative controls, sections were processed as above, with the exception that primary incubation was performed with non-immune goat serum instead of primary antibodies. PCNA and NF-kB were defined using the semiquantitative method as detailed above. The proliferation index (PI) was calculated according to the percentage of smooth muscle cells expressing PCNA of all smooth muscle cells in a pulmonary artery. The expression of NF-kB and ICAM-1 in endothelial cells was calculated as the ratio of positive cells to total cells. The sequence of MMP-13 is as follows:
The sequence of TIMP-1 is as follows:
Omission of a cDNA probe on previously confirmed positive tissue sections was used as the negative control process in this study. The liver sections from tissues of hepatic cancer were used as the positive control process in this study. The expression of the percentage of positive cells in the endothelium was calculated as the ratio of positive cells to total cells.
The Amount of Collagen I and III in Lung Tissue Using Enzyme-Linked Immunosorbent Assay (ELISA) Levels of collagen I and III in lung tissue were detected using ELISA. The lower lobes of the right lung were homogenized and centrifuged at 3000 g. The liquid supernatants were obtained as homogenates for testing the concentrations of collagen I and III. Collagen I and III were assayed using a double-antibody sandwich ELISA according to the manufacturer's instructions (Rapidbio, CA, USA). In brief, the samples (100 ml), collagen I standards (2000, 1000, 500, 250, 125, 62.5, 31.25, and 0 pg/ml), and collagen III standards (144, 72, 36, 18, 9, 4.5, 2.25, and 0 ng/ml) were added to the wells. Each was tested in duplicate. After 1-h incubation at 371C, samples were removed and the plates were washed with a washing buffer (consisting of PBS, 10 mmol/l pH 7.4 and Tween-20, 0.1%), soaked for a few minutes, and washed again five times. Blot plates were dried by being gently tapped upside-down on filter paper. Anti-rat collagen I and III (50 ml) were added to each of the plates' wells and left for Table 1 The sequence of the primers and probes of glutamate oxaloacetate transaminase1 (GOT1), GOT2, pre-collagen I and pre-collagen III, endothelin-1 (ET-1), and b-actin 60 min at 371C. After five additional washing steps, 100 ml HRP was added to the wells and left for 60 min at 371C. The plates were washed five times, and 100 ml of tetramethylbenzidine (TMB) substrate was added to each well and shaken gently for 10 s. The mixture was incubated in the dark for 5-10 min at room temperature. The optical density (OD) at 492 nm was measured using an ELISA reader (Bio-Rad, Richmond, CA, USA) after stopping the reaction by adding 100 ml of stop solution to each well. The standard curve of OD values vs concentrations of collagen I and III was obtained. Sample data were plotted on the standard curve and the concentrations of collagen I and III in the sample were obtained. The standard curve was created by reducing the data using computer software capable of generating a fourparameter logistic (4-PL) curve fit. Data were linearized by plotting the log of the concentrations of collagen I and III vs the log of the OD. The best-fit line was determined using regression analysis.
Measurement of Expression of Extracellular SignalRegulated Kinases (ERK) and the Phosphorylation of ERK (p-ERK), Raf-1, and MEK-1 in Lung Tissue Using Western Blotting
Rat lung tissues were homogenized and lysed. Equal amounts of proteins were boiled and separated using sodium dodecylpolyacrylamide gel electrophoresis (SDS-PAGE), and transferred using electorphoresis to a nitrocellulose membrane. The primary antibody dilutions were 1:1000 for ERK, 1:200 for p-ERK, Raf-1, and mitogen-activated protein kinase kinase 1 (MEK-1) antibody (Santa Cruz), and 1:10 000 for b-actin (Labvision). Secondary antibodies (Santa Cruz) were used at a dilution of 1:10 000. Immunoreactions were visualized using electrochemiluminescence (ECL) and exposed to X-ray film (Kodak Scientific).
Data Analysis
Data are expressed as means ± s.d. For comparison of differences among the three groups, one-way ANOVA followed by a post hoc analysis (least-square difference test) was performed using SPSS 13.0 statistical analysis software. To compare the difference between two groups, the independent-sample t-test was used. Po0.05 was considered significant.
RESULTS

Mean Pulmonary Artery Pressure (PAP)
There was no statistical significance in the mean PAP of the control þ SO 2 group compared with the control group (P40.05). Compared with the control group, mean PAP of the control þ HDX group was increased significantly (Po0.01). Compared with the control group, the mean PAP of the hypoxic group was raised significantly (Po0.01). However, compared with the hypoxic group, the mean PAP of the hypoxic þ SO 2 group was low (Po0.05), but was clearly raised in the hypoxic þ HDX group (Po0.05) ( Figure 2 ).
Percentage of Muscularized Arteries (MA), Partially
Muscularized Arteries (PMA), and Non-Muscularized Arteries (NMA) In the control þ SO 2 group, the percentage of MA in pulmonary arteries did not change when compared with the control group (P40.05), but clearly rose in the control þ HDX group when compared with the MA percentage in pulmonary arteries in control rats (Po0.01). In hypoxic rats, the percentage of MA in pulmonary arteries significantly rose compared with the control rats (Po0.01). However, when compared with the hypoxic group, the percentage of MA in pulmonary arteries significantly decreased in the hypoxic þ SO 2 group (Po0.01). When treated with HDX, hypoxic rats showed an increased percentage of MA in Figure 2 Mean pulmonary artery pressure (mean±s.d., mm Hg) (a) and percentage of muscularized arteries (MA), partially muscularized arteries (PMA), and non-muscularized arteries (NMA) (mean ± s.d., %) in small pulmonary vessels (b) of rats in the six groups. **Compared with the control group Po0.01; # compared with the hypoxic group, Po0.05; ## compared with the hypoxic group, Po0.01. Figure 3 The level of muscularization in small pulmonary arteries among the six groups (Hart's Â 400). (a) In the control group, the thickness of the inner elastic layer was even, and the structure of smooth muscle cells was normal. (b) In hypoxic rats, the inner elastic layers were uneven. The medial layer was hypertrophic. (c) In the control þ SO 2 group, the inner elastic layer was comparatively even. The structure of smooth muscle cells was normal. (d) In the control þ HDX group, the inner elastic layers were uneven. The medial layer was significantly hypertrophic. (e) In the hypoxic þ SO 2 group, the inner elastic layer was comparatively even. The medial layer was much thinner than that of the hypoxic group. (f) In the hypoxic þ HDX group, the inner elastic layer was obviously uneven. The medial layer was hypertrophic compared with the hypoxic group. HDX: hydroxamate. pulmonary arteries in comparison to those without HDX treatment (Po0.01; Figures 2 and 3) .
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In contrast with the control group, the percentage of NMA in rats in the control þ SO 2 group did not change (P40.05). However, it did decrease in the control þ HDX group when compared with the control rats (Po0.05). When compared with the control group, the percentage of NMA in rats in the hypoxic group decreased significantly (Po0.01), whereas when compared with the hypoxic group, it rose significantly in the hypoxic þ SO 2 group (Po0.05) and the hypoxic þ HDX group (Po0.01; Figures 2 and 3) .
The percentage of PMA obviously increased in the control þ SO 2 group, but it was not statistically different (P40.05; Figures 2 and 3) among the rats of the other five groups.
Ultra-Structural Changes in Pulmonary Arteries
In the pulmonary arteries of rats in the control group, the vascular endothelial cells were flat and thin, the inner elastic layer thickness was even, and smooth muscle cells had a fusiform shape. The structure of actin filaments showed a dense body and the dense patches were clear. Similar findings were noted in the control þ SO 2 group. When compared with the control group, the vascular endothelial cells in the control þ HDX group were augmented and slightly degenerated, and lumens were narrowed. In hypoxic rats, the vascular endothelial cells were augmented and slightly degenerated; small vacuoles could be observed, and lumens were narrowed. The inner elastic layers were discontinuous and the thickness was uneven. The smooth muscle cells were hypertrophic, and cell organs were abundant. In the control þ SO 2 group, the inner elastic layer was comparatively even. The structure of smooth muscle cells was normal. In the control þ HDX group, the inner elastic layers were uneven. The medial layer was significantly hypertrophic. In the hypoxic þ SO 2 group, the inner elastic layer was comparatively even. Smooth muscle cells had a fusiform shape, and the structure of the dense body and dense patch was clear. With hypoxic þ HDX treatment, vascular endothelial cells were augmented and seriously degenerated, small vacuoles were observed, and lumens were much narrower. The inner elastic layers had undergone rarefaction, and had uneven thickness. The smooth muscle cells were hypertrophic, and cell organs were abundant (Figure 4) . SO 2 Content in Plasma and Lung Tissue SO 2 content in the plasma of rats in the hypoxic group was lower than that of the control rats (Po0.05), but rose significantly (Po0.05) in the hypoxic þ SO 2 group compared with the hypoxic group. After HDX treatment, the SO 2 content in plasma decreased significantly (Po0.05) in hypoxic rats ( Figure 5 ).
There were significant differences among the four groups in SO 2 content in lung tissues. It decreased significantly in rats of the hypoxic group when compared with the control group (Po0.05). Compared with the hypoxic group, the SO 2 content in the lung tissues in the hypoxic þ SO 2 group rose significantly (Po0.01), but it decreased markedly (Po0.01) in the hypoxic þ HDX group ( Figure 5 ).
Expression of GOT1 and GOT2 mRNAs in Lung Tissue
Under hypoxia, rats showed reduced expressions of GOT1 and GOT2 mRNAs in lung tissue as compared with control rats (both Po0.01). SO 2 donor did not alter the expression of GOT1 and GOT2 mRNAs in the lung tissue of hypoxic rats (both P40.05). In the hypoxic þ HDX group, the expressions of GOT1 and GOT2 mRNAs were significantly upregulated in comparison with those of the hypoxic group (both Po0.01; Figure 5 ).
GOT Activity in Lung Tissue
Compared with the control group, GOT activity of the hypoxic group decreased significantly (Po0.01). In comparison with the hypoxic group, GOT activity showed no difference in the hypoxic þ SO 2 group (Po0.05), but it decreased in the hypoxic þ HDX group (Po0.01; Figure 6 ).
Proliferation Index of Pulmonary Artery Smooth Muscle Cells
Compared with the control group, the PI of PSMCs in rats of the hypoxic group rose significantly in small pulmonary arteries (Po0.01), medium-sized arteries (Po0.01), and large arteries (Po0.01). The PI of PSMCs in rats of the control þ SO 2 group did not change (P40.05), but increased obviously in the small pulmonary arteries (Po0.01), medium-sized arteries (Po0.01), and large arteries (Po0.01) of the rats in the control þ HDX group. The PI decreased Figure 4 Electronic micrographs of small pulmonary arteries in the six groups (12 000 g). (a) In the pulmonary artery of rats in the control group, the vascular endothelial cells were flat and thin, the thickness of the inner elastic layer was even, and smooth muscle cells had a fusiform shape. The structure of actin filaments involved a dense body and the dense patch was clear. (b) In hypoxic rats, vascular endothelial cells were augmented and slightly degenerated, small vacuoles could be observed, and lumens were narrowed. The inner elastic layers were discontinuous and thickness was uneven. The smooth muscle cells were hypertrophic, and cell organs were abundant. (c) In control þ SO 2 group, the thickness of the inner elastic layer was gently uneven, and smooth muscle cells had a fusiform shape. The structure of actin filaments involved a dense body and the dense patch was clear. (d) In control þ HDX group, the vascular endothelial cells were augmented, and small vacuoles could be obviously observed. The inner elastic layers were discontinuous and thickness was uneven. The smooth muscle cells were hypertrophic markedly. (e) In the hypoxic þ SO 2 group, the inner elastic layer was comparatively even. Smooth muscle cells had a fusiform shape, and structure of the dense body and dense patch was clear. (f) With hypoxic and HDX treatment, vascular endothelial cells were augmented and seriously degenerated, small vacuoles were observed, and lumens were much narrower. The inner elastic layers were discontinuous and thickness was uneven. Smooth muscle cells were hypertrophic, and cell organs were abundant. HDX: hydroxamate; SO 2 : sulfur dioxide; SMC: smooth muscle cell; EC: endothelial cell; EL: elastic layer.
significantly in the small arteries (Po0.01), medium-sized arteries (Po0.01), and large arteries (Po0.01) of rats in the hypoxic þ SO 2 group when compared with the hypoxic rats.
HDX treatment clearly increased the PI of PSMCs in small arteries (Po0.05), medium-sized arteries (Po0.01), and large arteries (Po0.05) of hypoxic rats (Table 2) .
Raf-1 and MEK-1 Expressions in Lung Tissue Using Western Blotting
Compared with the control group, the expressions of Raf-1 (Po0.01) and MEK-1 (Po0.05) proteins in hypoxic rats obviously rose. However, compared with the hypoxic group, the expressions of Raf-1 and MEK-1 proteins of rats in the hypoxic þ SO 2 group decreased (Po0.05). SO 2 donor did not alter the expressions of Raf-1 and MEK-1 proteins under normoxia (P40.05). But Raf-1 (Po0.01) and MEK-1 (Po0.05) proteins increased significantly under normoxia with treatment of HDX (Figures 7 and 8) .
Expression of p-ERK/ERK in Lung Tissue Using Western Blotting
Compared with the control group, the expression of the p-ERK/ERK ratio in the hypoxic rats clearly increased (Po0.01). Compared with the hypoxic group, the expression of the p-ERK/ERK ratio in the rats of the hypoxic þ SO 2 group decreased (Po0.05). The SO 2 donor did not alter the expression of the p-ERK/ERK ratio under normoxia (P40.05). HDX, an inhibitor of endogenous production of SO 2 , significantly increased the ratio of p-ERK/ERK protein under normoxia (Po0.01; Figure 9 ).
Expression of Pre-Collagen I and III mRNAs in Lung Tissue
The expressions of pre-collagen I and III mRNAs in the lung tissue of rats in the hypoxic group were both stronger than those in the control group (both Po0.01). In the hypoxic þ SO 2 group, the expressions of both pre-collagen I and III decreased when compared with the hypoxic group (both Po0.01). However, when treated with HDX, the rats showed increased expressions of pre-collagen I and III mRNAs in the lung tissue of the hypoxic rats (both Po0.01). They did not change in the control þ SO 2 group or the control þ HDX group (both P40.05). The results are shown in Table 3 .
Content of Collagen I and III in Lung Tissue Using ELISA
The amount of collagen I and III in the hypoxic rats tested using ELISA markedly increased (all Po0.01) when compared with the control group. For the rats in the hypoxic þ SO 2 group, the amount of collagen I and III decreased as compared with the hypoxic group (Po0.01 and Po0.05). It increased in the rats of the hypoxia þ HDX group (all Po0.05) in comparison with the hypoxic rats ( Table 3) .
Expression of Collagen I and III mRNAs in the Smooth Muscle Cells of Pulmonary Arteries by In Situ Hybridization
The expressions of collagen I and III in small and mediumsized muscularized arteries were much stronger in the rats of the hypoxia group than in the rats of the control group. For rats in the hypoxic þ SO 2 group, the expressions of collagen I and III in small muscularized arteries and medium-sized SO 2 and pulmonary hypertension Y Sun et al muscularized arteries were weaker than in the hypoxic rats. HDX increased collagen-I and collagen-III mRNA signals in rats of the hypoxia þ HDX group as compared with hypoxic rats (small arteries all Po0.01; medium-sized arteries, all Po0.01; Table 4 ).
Expressions of MMP-13 mRNA and TIMP-1 mRNA in Smooth Muscle Cells of Pulmonary Arteries
Expressions of MMP-13 mRNA and TIMP-1 mRNA in smooth muscle cells of small and medium-sized pulmonary arteries were significantly higher in the hypoxia group than in the control group (Po0.01), but the ratio of TIMP-1 mRNA/ MMP-13 mRNA in small and medium-sized pulmonary muscularized arteries decreased significantly (Po0.01) in the hypoxic group. In the hypoxic þ SO 2 group, the expression of MMP-13 mRNA in small and medium-sized pulmonary arteries increased (Po0.01), whereas TIMP-1 mRNA expression was reduced (Po0.01); MMP-13 mRNA/TIMP-1 mRNA ratio was significantly higher (Po0.01) compared with the hypoxia group. In the hypoxia þ HDX group, expression of MMP-13 mRNA in small and medium-sized pulmonary arteries was further reduced (Po0.01), whereas TIMP-1 mRNA expression was further increased (Po0.01). The MMP-13 mRNA/TIMP-1 mRNA ratio, however, was significantly lower (Po0.01) than the ratio in the hypoxia group (Table 5) .
Expression of NF-jB in the Endothelial Cells of Pulmonary Arteries
Compared with the control group, the expression of NF-kB in the small pulmonary arteries of hypoxic rats rose significantly (Po0.01). Compared with the hypoxic group, NFkB expression decreased in the hypoxic þ SO 2 group (Po0.01) but significantly increased in the hypoxic þ HDX group (Po0.01; Figure 10 ). Expression of NF-kB in the medium-sized pulmonary arteries of hypoxic rats rose significantly (Po0.01) compared with such expression in the control group. Compared with the hypoxic group, however, the expression of NF-kB in the pulmonary arteries of rats in the hypoxic þ SO 2 group Figure 10 ). Changes in the expression of NF-kB in the large pulmonary arteries of rats in the hypoxic group rose significantly (Po0.01) compared with such expression in the control group. Compared with the hypoxic group, the expression of NF-kB in the pulmonary arteries of rats in the hypoxic þ SO 2 group decreased (Po0.01), but clearly rose in the hypoxic þ HDX group (Po0.05; Figure 10 ).
Expression of ICAM-1 in the Endothelial Cells of Pulmonary Arteries
Expression of ICAM-1 rose significantly in the small pulmonary arteries (Po0.01), medium-sized arteries (Po0.01), and large arteries (Po0.01) of hypoxic rats, as compared with the respective arteries in the controls; expression was lowered significantly in the small pulmonary arteries (Po0.01), medium-sized arteries (Po0.01), and large arteries (Po0.01) of rats in the hypoxic þ SO 2 group, but in the hypoxic þ HDX group, expression rose in small arteries (Po0.01) and medium-sized arteries (Po0.01; Figure 10 ).
Concentration of ET-1 in Plasma and Expression of ET-1 mRNA in Lung Tissue
The plasma content and expression in lung tissue of ET-1 are shown in Table 6 . The ET-1 plasma content for hypoxic rats was higher in the hypoxic group than in the control group (Po0.05). SO 2 donor decreased (Po0.05), but HDX increased (Po0.05) the content of ET-1 in the plasma of rats under hypoxia. ET-1 mRNA in the lung tissues of hypoxic rats rose significantly in comparison with those in the control group (Po0.01). SO 2 donor decreased (Po0.05) whereas HDX increased (Po0.05) the expression of ET-1 mRNA in the lung tissues of hypoxic rats (Table 6 ).
DISCUSSION
Hypoxic pulmonary hypertension complicates the clinical course of many important pulmonary and cardiac diseases. Endogenous gasotransmitters, such as NO, CO, and H 2 S, have been shown to have regulatory roles in the development of HPVSR by inhibiting the proliferation of smooth muscle cells and abnormal deposition of collagen, and facilitating the apoptosis of PASMCs. [15] [16] [17] [18] [19] [20] Recent research indicates that SO 2 could be produced endogenously in vessels 11 and regulate both blood pressure and inflammatory response, which suggests that SO 2 may be involved in the pathogenesis of various cardiovascular diseases. SO 2 and its hydrated form, sulfite/bisulfite, were generated through the normal processing of sulfur-containing amino acids such as L-cysteine. L-cysteine is first oxidized through cysteine dioxygenase into L-cysteinesulfinate, and the latter is metabolized through two competing pathways. As an analog of L-aspartate, cysteinesulfinate is a substrate of GOT; b-sulfinylpyruvate, the putative product, decomposes spontaneously to pyruvate and SO 2 . 21 Thus, GOT could be a key enzyme in controlling the endogenous production of SO 2 . Exogenous and endogenous SO 2 was shown to exist in plasma and tissue in the form of sulfite-bimane (SO 3 2- and HSO 3 -), implicating that the level of sulfite-bimane may represent SO 2 content.
The PAP and micro-and ultra-structural findings in the hypoxic group showed that rats exposed to hypoxia for 3 weeks showed significant pulmonary hypertension and vascular structural remodeling. Surprisingly, the SO 2 content in plasma and lung tissues and the GOT1/b-actin mRNA to GOT2/b-actin mRNA ratio in lung tissues decreased under the hypoxic condition. This indicates a downregulated SO 2 /glutamate oxaloacetate transaminase pathway in the development of hypoxic pulmonary hypertension.
To determine whether the downregulated SO 2 /glutamate oxaloacetate transaminase pathway was involved in the development of hypoxic pulmonary hypertension, a hypoxic þ SO 2 group and hypoxic þ HDX group were included in the experiment design. Human serum contains sulfite (a known SO 2 derivative) at a concentration of 0-10 mM. Thus, Na 2 SO 3 and NaHSO 3 were used as donors for SO 2 in the ratio 0.54:0.18 (mmol/kg) in rats of the hypoxic þ SO 2 group, and HDX was used as a GOT inhibitor at 3.7 mg/kg each day 11 in rats of the hypoxic þ HDX group. Under identical hypoxic conditions, rats of the hypoxic þ SO 2 group showed increased SO 2 content in plasma and lung tissues, whereas the mean PAP of hypoxic rats clearly decreased. Thus, it is possible that SO 2 donor could lower the increased PAP and reverse pulmonary vascular remodeling, as showed by the micro-and ultra-structural observations in association with increases in SO 2 content in plasma. Under hypoxic conditions and after treatment with HDX, SO 2 content in plasma and lung tissues decreased and pulmonary hypertension and pulmonary vascular structural remodeling worsened greatly. Such results suggested that the downregulated SO 2 /glutamate oxaloacetate transaminase pathway was involved in the development of HPVSR.
The results showed that SO 2 might inhibit the proliferation and accelerate the apoptosis of smooth muscle cells and reduce hyperplasia of pulmonary arteries. Proliferation of PASMCs is a pivotal component for the development of HPVSR. We calculated the percentage of PASMCs expressing PCNA-positive signals in all PASMCs. Chronic hypoxia significantly increased the PI of PASMCs in small, medium-sized, and large pulmonary arteries. SO 2 significantly decreased the PI of PASMCs in pulmonary arteries as compared with the hypoxia group without SO 2 treatment, which suggests that SO 2 could affect cell-cycle processes and reduce the proliferative response of vascular smooth muscle cells induced by hypoxia. The mechanisms by which SO 2 inhibits proliferation are unclear. The mitogenactivated protein kinase (MAPK) pathway is a typical cellsignaling pathway that advances cellular proliferation. Raf-1, MEK-1, and p-ERK/ERK are three main components arranged in order in the MAPK pathway. The present study examined the expressions of Raf-1, MEK-1, and p-ERK/ERK in the lung tissues of rats under hypoxia. SO 2 may inhibit the expression of Raf-1 protein, which is upstream of MEK-1. It was also found that the stimulation of phosphorylation of ERK by MEK-1 was also downregulated, resulting in a decrease in the p-ERK/ERK ratio by 35.8%. These results suggested that SO 2 inhibited the proliferation of vascular smooth muscle cells and HPVSR, likely through the MAPK signaling pathway (Figure 11 ). The mechanism of HPVSR is a very complex pathological process that requires further research. 22 ET-1 is known to be an effective vasoconstrictor. The plasma concentration of ET-1 and lung tissue ET-1 mRNA were upregulated in the hypoxic group, decreased in the Figure 11 The diagram of possible mechanisms by which sulfur dioxide regulates pulmonary hypertension. SO 2 inhibits the expression of Raf-1 protein, which was upstream of MEK-1, resulting in a decrease in p-ERK/ ERK. The diagram suggests that SO 2 inhibits the proliferation of vascular smooth muscle cells and HPVSR, probably through the MAPK signaling pathway.
hypoxic þ SO 2 group, and significantly increased in the hypoxic þ HDX group. These results suggest that SO 2 regulates the transcription of ET-1 mRNA, which may be associated with the regulation of the proliferation and collagen remodeling in pulmonary arteries induced by hypoxia. 23 Studies have shown that the extracellular matrix (ECM) contributes greatly to pulmonary vascular structural remodeling. Changes in the absolute or relative contents of pre-collagen I and III would probably result in structural remodeling. Our studies showed that H 2 S reduced the collagen remodeling of pulmonary arteries under hypoxia. 24 We found that the expression of pre-collagen I and III mRNAs increased in the hypoxic group, clearly decreased in the hypoxic þ SO 2 group, but increased even more in the hypoxic þ HDX group. The results were similar to those evaluated using in situ hybridization and ELISA. This suggests that SO 2 has an important role in the regulation of collagen remodeling induced by hypoxia. It is believed that MMPs are important enzymes for degrading the macromolecular proteins in the ECM, and are closely related to the degradation and accumulation of ECM, and the migration and proliferation of vascular smooth muscle cells. The main function of MMP-1 and MMP-13 is to stimulate the degradation of collagen. 25 TIMP-1 inhibits this degradation ability of MMPs. MMP-1 and TIMP-1 regulate the degradation of pulmonary collagen. Not only can TIMPs inhibit activated MMPs, but they can also obstruct and delay the conversion of prototype MMPs to activated forms. 26 This study revealed that the expression of MMP-13 mRNA and TIMP-1 mRNA increased in small and medium-sized pulmonary arteries of rats in the hypoxic group in relation to those of the control rats, whereas the MMP-13 mRNA/TIMP-1 mRNA ratio decreased. Compared with those of the hypoxic group, the expressions of MMP-13 mRNA in small and medium-sized pulmonary arteries in the hypoxic þ SO 2 group increased, whereas TIMP-1 mRNA decreased and the ratio of MMP-13 mRNA/TIMP-1 mRNA increased. In the hypoxic þ HDX group, the expression of MMP-13 mRNA in small and medium-sized pulmonary arteries decreased further, whereas TIMP-1 mRNA further increased, in comparison with the hypoxic group. The ratio of MMP-13 mRNA/ TIMP-1 mRNA also decreased significantly as compared with the ratio in the hypoxic group. The above results showed that the degradation of extracellular collagen decreased in hypoxic rats. Supplementation with exogenous SO 2 promoted the degradation of extracellular collagen, but the inhibition of endogenous SO 2 increased collagen production. This suggested that by promoting collagen degradation, SO 2 inhibited abnormal collagen accumulation in the pulmonary artery under hypoxic conditions.
Inflammation is important in the pathogenesis of vascular injury caused by hypertension. 27 In this study, ICAM-1 and NF-kB levels were clearly increased in the hypoxic groups, but SO 2 could reduce the expression of ICAM-1 and NF-kB in the hypoxic þ SO 2 group compared with the hypoxia group alone, whereas HDX could significantly augment them in hypoxic rats. NF-kB is considered to be a type of nuclear transfer regulating factor. 28 In normal cells, NF-kB binding to inhibitor of kB (IkB) is expressed in the cytoplasm. 29 When stimulated by injury factors, such as inflammation, NF-kB separates from IkB in the cytoplasm and enters the nucleolus, in which it then stimulates inflammatory factors, such as ICAM-1, monocyte chemotactic protein-1 (MCP-1), and interleukin-8 (IL-8). 30 Our data suggest that SO 2 may have a role in regulating the inflammatory response, but this mechanism needs further research.
In conclusion, we showed that SO 2 markedly inhibited the PAMSC proliferation, probably by downregulating Raf-1, MEK-1, and phosphorylating ERK under hypoxia. It is likely that the downregulated SO 2 /glutamate oxaloacetate transaminase pathway is involved in the mechanisms responsible for pulmonary hypertension and pulmonary vascular structural remodeling.
